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Abstract
Reverse osmosis (RO) desalination may be used for desalination of brackish and saline waters,
but the product water may have low concentrations of hardness and alkalinity, which may corrode
infrastructure. Adjustment of pH and addition hardness and alkalinity may be required to meet potable
water guidelines. Upflow calcite contactors may be used instead of lime or caustic addition for posttreatment of RO permeate to deliver non-blended, stable, non-corrosive finished water.
The first objective of this research was to experimentally determine the sensitivity of
performance of upflow calcite contactors with respect to several design and operational parameters such
as: feed pH, overflow rate, empty bed contact time, and calcite particle size. The second objective of this
research was mathematical modeling of calcite dissolution as a function of hydrodynamic conditions,
such as empty bed contact time, Reynolds number, and filtration rate.
A TOMCO2 carbon dioxide delivery unit was used to adjust the RO permeate before contact with
the calcite. Four parallel upflow calcite columns were constructed of four-inch diameter transparent
PVC pipe for comparison of experimental variables. The calcite beds were initially 30 inches with
particle sizes of 0.2-2.0 mm, and the bed height was measured periodically in order to calculate the
calcite dissolution. The range of loading rates and empty bed contact times were 1.9 – 17 gallons per
minute per square feet (gpm/ft2) and 0.23 – 9.8 minutes, respectively. The feed pH ranged from 5.5 to
6.5. The rate of calcite dissolution ranged from 5 – 100 mg/L of CaCO3, and the product water pH
ranged from 7.5-9.0. Of all the tested calcite products, the one with a nominal particle size of 1-mm, and
95 percent purity produced the best results for post-treatment of the KBH desalination plant permeate.
The optimal feed pH for calcium and alkalinity dissolution was determined to be less than 5.5 with an
overflow rate of 9.5 gpm/ft2.
For a calcite upflow contactor operating at steady-state, the calcite dissolution was calculated
using the model developed by Letterman; mass transfer in this study was determined to behave
according to the following relationship between Sherwood, Reynolds, and Schmidt numbers:
Sh = Re!

vi

!.!

(Sc)!.!

Table of Contents
Acknowledgements................................................................................................................................ v	
  
Abstract .................................................................................................................................................vi	
  
Table of Contents ................................................................................................................................ vii	
  
List of Tables ........................................................................................................................................ix	
  
List of Figures ........................................................................................................................................ x	
  
Chapter 1: Introduction and Background .............................................................................................. 1	
  
1.1	
   Brackish Reverse Osmosis Membrane Desalination ........................................................... 1	
  
1.2	
   Challenge ............................................................................................................................. 2	
  
1.3	
   Calcite Upflow Contactors .................................................................................................. 2	
  
1.4	
   Goals and Objectives ........................................................................................................... 3	
  
Chapter 2: Review and Methodology .................................................................................................... 4	
  
2.1	
   Review ................................................................................................................................. 4	
  
2.2	
   Experimental Pilot Demonstration ...................................................................................... 5	
  
2.3	
   Mathematical Modeling ..................................................................................................... 16	
  
2.4	
   Non-Dimensional Mass-Transfer Generalization .............................................................. 19	
  
Chapter 3: Results and Discussions ..................................................................................................... 21	
  
3.1	
   Phase 1 – Effects of Calcite Purity and Particle Size Distribution .................................... 21	
  
3.2	
   Phase 2 – Effects of Hydraulic Overflow Rate .................................................................. 28	
  
3.3	
   Phase 3 – Effects of Calcite Medial Particle Size.............................................................. 34	
  
3.4	
   Phase 4 – Optimization of Major Operational Parameters ................................................ 40	
  
3.5 	
   Calcite Product Dissolution and Mass Transport .............................................................. 45	
  
Chapter 4: Mathematical Modeling ..................................................................................................... 49	
  
4.1	
   Model Development .......................................................................................................... 49	
  
4.2	
   Mathematical Modeling Results vs. Experimental Results ............................................... 51	
  
Chapter 5: Conclusions ........................................................................................................................ 56	
  
5.1	
   Experimental Conclusions ................................................................................................. 56	
  
5.2	
   Mathematical Model Conclusions ..................................................................................... 57	
  
5.2	
   Future Work ....................................................................................................................... 58	
  

vii

References............................................................................................................................................ 59	
  
Appendix A: XRF Analyses of Calcite Media .................................................................................... 61	
  
Vita .. ................................................................................................................................................... 64	
  

viii

List of Tables
Table 2.1: Water Quality Goals for Post-Treated Permeate ....................................................................... 5	
  
Table 2.2: Experimental Plan for Upflow Calcite Contactors .................................................................... 8	
  
Table 2.3: Design Criteria for Upflow Contactors ..................................................................................... 9	
  
Table 2.4: Properties of Calcite (Limestone) Selected for Testing .......................................................... 11	
  
Table 2.5: Ion Chromatography (IC) Standard Calibration Concentrations............................................. 14	
  
Table 2.6: Inductively Couple Plasma (ICP) Standard Calibration Concentrations ................................ 15	
  
Table 3.1: Phase 1 Hydraulic Parameters ................................................................................................. 21
Table 3.2: Phase 1 Calcite Products and Purities ..................................................................................... 22	
  
Table 3.3: Phase 2 Hydraulic Parameters ................................................................................................. 29	
  
Table 3.4: Phase 3 Hydraulic Parameters ................................................................................................. 35	
  
Table 3.5: Imerys Calcite Product Name and Nominal Particle Size ....................................................... 35	
  
Table 3.6: Phase 4 Hydraulic Parameters ................................................................................................. 40	
  
Table 3.7: Phase 4 Pilot Testing Set Up ................................................................................................... 41	
  

ix

List of Figures
Figure 2.1: Upflow Calcite Contactor Process Schematic.......................................................................... 7	
  
Figure 2.2: Experimental Upflow Calcite Contactors System.................................................................... 7	
  
Figure 3.1: Scanning Electron Microscopy (SEM) images of Phase 1 calcite media .............................. 23
Figure 3.2: Phase 1 Calcite Particle Size Distribution .............................................................................. 24	
  
Figure 3.3: Phase 1 Box Whisker Plot of Calcite Particle Size ................................................................ 24	
  
Figure 3.4: Phase 1 Calcite media bed height decline .............................................................................. 25	
  
Figure 3.5: Phase 1 Upflow Contactor Effluent pH ................................................................................. 26	
  
Figure 3.6: Phase 1 Upflow Contactor Effluent Calcium Concentrations................................................ 27	
  
Figure 3.7: Phase 1 Upflow Contactor Effluent Alkalinity Concentrations ............................................. 27	
  
Figure 3.8: Phase 1 Upflow Contactor Effluent Turbidity ....................................................................... 28	
  
Figure 3.9: Phase 2 Calcite media bed height decline .............................................................................. 30	
  
Figure 3.10: Phase 2 Box Whisker Plot of Calcite Particle Size .............................................................. 31	
  
Figure 3.11: Phase 2 Upflow Contactor Effluent Turbidity ..................................................................... 31	
  
Figure 3.12: Phase 2 Upflow Contactor Effluent pH ............................................................................... 32	
  
Figure 3.13. Phase 2 Upflow Contactor Effluent Calcium Concentrations .............................................. 33	
  
Figure 3.14: Phase 2 Upflow Contactor Effluent Alkalinity Concentrations ........................................... 33	
  
Figure 3.15: Phase 2 Influent pH vs. Calcite Dissolution......................................................................... 34	
  
Figure 3.16: Phase 3 Box Whisker Plot of Calcite Product Size .............................................................. 36	
  
Figure 3.17: Phase 3 Calcite media bed height decline ............................................................................ 36	
  
Figure 3.18: Phase 3 Upflow Contactor Effluent Turbidity ..................................................................... 37	
  
Figure 3.19: Phase 3 Upflow Contactor Effluent Calcium Concentrations.............................................. 38	
  
Figure 3.20: Phase 3 Upflow Contactor Effluent pH ............................................................................... 39	
  
Figure 3.21: Phase 3 Upflow Contactor Effluent Alkalinity Concentrations ........................................... 39	
  
Figure 3.22: Phase 4 Calcite media bed height decline ............................................................................ 41	
  
Figure 3.23: Phase 4 Box Whisker Plot of Calcite Particle Size .............................................................. 42	
  
Figure 3.24: Phase 4 Upflow Contactor Effluent Calcium Concentrations.............................................. 43	
  
Figure 3.25: Phase 4 Upflow Contactor Effluent pH ............................................................................... 44	
  
Figure 3.26: Phase 4 Upflow Contactor Effluent Alkalinity Concentrations ........................................... 44	
  
Figure 3.27: Phase 4 Upflow Contactor Effluent Turbidity ..................................................................... 45	
  
Figure 3.28: Calcite Products Overall Mass Transfer Coefficients .......................................................... 47	
  
Figure 3.29: Modeled Sherwood Number vs. Measured Sherwood Number........................................... 48	
  
Figure 4.1: Comparison of Mass Transport Model to Experimental Results – Phase 1 ........................... 52
Figure 4.2: Comparison of Mass Transport Model to Experimental Results – Phase 2 ........................... 53	
  
Figure 4.3: Comparison of Mass Transport Model to Experimental Results – Phase 3 ........................... 54	
  
Figure 4.4: Comparison of Mass Transport Model to Experimental Results – Phase 4 ........................... 55	
  

x

Chapter 1: Introduction and Background
Groundwaters are common sources for brackish water, which can be naturally saline aquifers or
groundwater that has become brackish; brackish surface waters are less common but might occur.
Brackish waters are typically characterized by having a salinity of 1,000 – 10,000 mg/L total dissolved
solids (TDS). Contaminants such as heavy metals, radionuclides, and fluoride may occur naturally in
some brackish groundwater resources. Human impacted water sources may also have increased levels of
nitrates, pesticides, arsenic, and endocrine disrupters.
1.1

Brackish Reverse Osmosis Membrane Desalination
Reverse Osmosis (RO) is a membrane filtration process that removes salinity and other dissolved

contaminants from water. Reverse osmosis is the most common method for treating brackish water in
the United States. As shown in Figure 1.1, the RO process involves a feed water stream flowing under
pressure against a semi-permeable membrane, which separates the feed water into two streams: a lowsalinity permeate product stream, and a brine concentrate containing the material removed from the
permeate. Feed water will pass the semi-permeable membrane (while salt is rejected) when the applied
pressure exceeds the osmotic pressure of the feed solution.

Figure 1.1: Reverse Osmosis Flow Diagram

The State of Texas built its first full-scale brackish water desalination plant for public water
supply in 1981 – Haciendas del Norte Water Improvement District – in El Paso, with a capacity of
0.05 million gallons per day (MGD). Texas increased its total brackish water desalination capacity from
1

75 MGD in 2005, to 120 MGD in 2010. The Kay Bailey Hutchison Desalination Plant was brought
online in the summer of 2007 as the largest operating inland brackish groundwater desalination facility
in the world, with a design capacity of 15 MGD of permeate and a total blended capacity of 27.5 MGD.
1.2

Challenge
Brackish water RO permeate typically has very low concentrations of calcium and bicarbonate

(alkalinity), which may result in pipe corrosion problems or undesirable taste. Thus, hardness and
alkalinity are typically added to the RO permeate in a post-treatment process before distribution in order
to prevent corrosion and stabilize water taste. Typically, a portion of RO feed water is blended with the
RO permeate to add hardness and alkalinity, but also this process can add residual turbidity or unwanted
chlorides to the finished product (Walker, Mattausch and Abbott 2007).
If blending does not sufficiently stabilize the product water, or if feed water blending is not
permissible due to presence of primary contaminants (such as arsenic or nitrate), then the post-treatment
stabilization would require chemical addition such as calcium chloride, calcium hydroxide (lime),
sodium carbonate (soda ash), sodium hydroxide (caustic soda), or a combination of these. Addition of
these chemicals incurs additional safety risks, financial costs, and maintenance responsibilities for the
plant operators. Alternatively, post-treatment permeate stabilization can be accomplished using safe,
natural calcite minerals in a low-cost and low-maintenance upflow contactor system.
1.3

Calcite Upflow Contactors
A calcite upflow contactor is a column reactor in which RO permeate flows upward through a

packed bed of crushed calcite (limestone, calcium carbonate) media, dissolving calcium and carbonate
into the permeate. The dissolution stabilizes the permeate water quality by increasing the hardness, pH,
and alkalinity of the permeate as it dissolves the amount of crushed limestone in the bed (Letterman,
Calcium Carbonate Dissolution Rate in Limestone Contactors 1995). Calcite contactors have been
shown to be low cost but effective water treatment devices, which normally require minimal
maintenance; also, they do not require continuous feed of chemicals, eliminating the risk of chemical
overdose.

2

1.4

Goals and Objectives
The goal of this research was to demonstrate the effectiveness of upflow calcite contactors for

RO permeate stabilization. The first objective of this research was to experimentally determine the
sensitivity of brackish permeate stabilization of upflow calcite contactors with respect to several design
and operational parameters such as: feed pH, overflow rate, empty bed contact time, and calcite particle
size. The second objective of this research was to mathematically model calcite dissolution and mass
transport as a function of hydrodynamic conditions, such as empty bed contact time and hydraulic
loading rate.

3

Chapter 2: Review and Methodology
2.1

Review

2.1.1

Media Contactors
A limestone contactor is a treatment device in which water flows through and dissolves calcium

carbonate from a packed bed of calcite. The reaction occurring in the contactor is expressed as follows:
Equation 2.1

CaCO!  (!) +    H! CO!  (!") → Ca!! (!") + HCO! ! (!")

where H2CO3 (carbonic acid) is the product of carbon dioxide (CO2) and water:,
Equation 2.2

CO!  (!") + H! O(ℓ) → H! CO!  (!")

Calcite is typically used as a granular media in water treatment processes to elevate the pH, alkalinity,
and subsequently the Langelier Saturation Index (LSI) that can be interpreted as the pH change required
to reach calcium carbonate precipitation equilibrium. Typically a contact time of 60 – 200 seconds is
sufficient to treat the incoming water in order to increase alkalinity, hardness, and to elevate pH
(Hydramet Australia 2011).
2.1.2

Calcite Media and Dissolution
In previous studies, (Letterman, 1985), it was found that calcite (limestone) contactors reduced

the dissolution of corrosion byproducts. Also, this study states that th (Hydramet Australia 2011)e
influent water temperature governs the contactor performance; in other words, the performance of the
contactor decreases as the water temperature decreases. In 1986, Haddad performed a study in which the
contactor was monitored in a long-term operation. High-calcium calcite was used in the study, and it
was concluded that the calcite dissolution decreased as a result of a residue layer form by insoluble
impurities.
2.1.3

Finished Water Quality Goals
Finished water quality goals for drinking water are shown in Table 2.1, which are provided as

advisory guidelines by the United States Environmental Protection Agency (USEPA) and the American
Water Works Association (AWWA).

4

Table 2.1: Water Quality Goals for Post-Treated Permeate
USEPA*

AWWA†

6.50 – 8.50

7.50 – 8.50

Calcium (mg/L)

20 - 50

60 – 100

Alkalinity (mg/L as CaCO3)

< 100

75 – 150

Hardness (mg/L as CaCO3)

50 – 120

75 – 110

<5

0.20 – 2

Parameter
pH

Turbidity (NTU)
Sources:

2.2

*

(United States Environmental Protection Agency 2012)

†

(American Water Works Association 2012)

Experimental Pilot Demonstration
The goals of the upflow calcite contactor design were to (1) optimize the contact area between

calcite particles with the water and (2) optimize the contact time with water to accomplish the desired
effluent hardness and alkalinity concentrations. The consumption of the calcite particles is impacted by
the influent water quality (e.g., KBH permeate, in this study), calcite purity, and particle size. In the
absence of consensus design guidelines for calcite contactors, pilot testing was recommended for
demonstration with actual RO permeate. Analysis and modeling of these experimental results based on
calcite dissolution theory can be used to develop general design recommendations.
2.2.1

Experimental pilot calcite contactor system
Pilot testing was performed in the research laboratory at the Kay Bailey Hutchison (KBH)

Desalination plant in El Paso, Texas, which is currently the largest operating inland brackish
groundwater reverse osmosis plant in the United States. KBH provided a continuous supply of permeate
to the pilot testing unit by filling an onsite charge tank approximately daily, which was subsequently
continuously pumped to the pilot unit. KBH permeate was treated with carbon dioxide to lower the pH
and create dissolved aqueous carbonic acid before contact with the calcite. Four parallel upflow calcite
columns were constructed of four-inch-diameter transparent PVC pipe for comparison of experimental
variables. The calcite beds were initially 30 inches deep with calcite media particle sizes of 0.2-2.0 mm.
5

The bed depth was measured periodically to estimate the calcite dissolution, in combination with water
quality samples and analyses. The range of loading rates and empty bed contact times were 1.9 –
17.0 gal/min/ft2 (gpm/ft2) and 0.23 – 9.8 minutes, respectively. A schematic diagram of the pilot system
is shown in Figure 2.1, and a photo of the pilot system is shown in Figure 2.2.
The experimental plan included testing the upflow calcite contactors as a post-treatment for
reverse osmosis permeate by controlling and varying three design parameters - hydraulic loading rate,
calcite purity, and particle size, as shown in Table 2.2. Four columns were tested in each of four
different phases. The first three phases involved varying one of the three parameters while keeping the
other two constant. The fourth phase used a combination of the values of the design parameters that
performed the best with the intention of demonstrating optimum performance.
2.2.1.1 RO Permeate pH control
A TOMCO2 carbon dioxide injection unit (TOMCO2 Systems, U.S.A.) was used to lower the pH
of the supplied RO permeate before it flowed into the four upflow contactors. A liquid CO2 dewar
supplied gaseous CO2 to the TOMCO2 unit; the dewar was serviced by AirGas, Inc. (Texas, U.S.A.).
The pH of the KBH permeate supply ranged from 5.5 to 6.5, and the TOMCO2 unit was set to lower the
pH to a range of 4.8 to 5.0. After CO2 injection, the pH of the influent to the columns was approximately
5.0 to 5.5. The main objective of injecting CO2 to the influent was to increase the rate of carbonate
dissolution. The 15-ft. tube, which connected the TOMCO2 unit to the column influent, provided
approximately half a minute of contact time for CO2 reaction.

6

Figure 2.1: Upflow Calcite Contactor Process Schematic

Figure 2.2: Experimental Upflow Calcite Contactors System
7

Table 2.2: Experimental Plan for Upflow Calcite Contactors
Phase

Column

2
(Loading
Rate)

Loading Rate

Particle Size

(gpm/ft2)

(mm)

1

Lhiost W16X

0.6

2

Columbia River
Carbonates –
PuriCal CTM

1.3

3

Specialty Chemicals
– Vical 1130

4

Mississippi Lime –
CalCarb®R1

1
(Purity)

Media

1
2
3

3.8

1.3
0.5

17.0
Columbia River
Carbonates –
PuriCal CTM

4

9.5
5.7

1.3

1.9

1

Imerys – XO-White

0.7

3

2

Imerys – 30-50

0.8

(Particle Size)

3

Imerys – Z-White

4

Imerys – OZ-White

1

Carollo Pellets

9.5

0.3

2

Columbia River
Carbonates –
PuriCal CTM

9.5

1.3

3

Imerys – Z-White

9.5

1.5

4

Imerys – OZ-White

17.0

2.4

4
(Optimization)

8

3.8

1.5
2.4

2.2.1.2 Calcite Contactors
Four calcite contactors were constructed of 4-in. diameter, transparent PVC pipe; the calcite
contactors were operated in parallel for each of the four phases of experimentation; the design criteria
for the upflow contactor columns are presented in Table 2.3.
Table 2.3: Design Criteria for Upflow Contactors
Parameter

Value

Columns

4

Column Diameter : Particle Diameter

> 100 : 1
4 in. × 72 in.

Column Dimensions

(10.2 cm × 182.9 cm)
0.087 ft2

Cross – Sectional Area

(80.8 cm2)
30 in.

Calcite Height

(76.2 cm)
Common and individual influents and

Sample ports

individual effluents

The acidified-permeate was connected to the upflow contactors by a 1-in. PVC union connector.
The procedure for adding media to each column begins with disconnecting and dismounting the column
and then removing the top flange. First, a 6-in. bed of washed medium-gravel was placed at the bottom
of the contactor to avoid media intrusion into the acidified-permeate pipeline. After placement of the
gravel base, 30 inches of dry calcite media were packed in the contactor, measured from the top of the
base gravel layer. This procedure was repeated for each of the four contactors. All four contactors were
reassembled and reconnected to the skid, ensuring no leakage in any of the connecting PVC unions.
In order to prevent media blowing out of the top of the upflow contactor, the flow rate of
acidified-permeate from the pipeline was increased slowly until the upflow contactors were completely
saturated with water and the desired operating flow rate was established.

9

2.2.1.3 Flow Control and Monitoring
The flow rate of the permeate feed supplied to the pilot unit was set to 4.0 gallons per minute
(GPM) by controlling a ball valve to maintain a constant flow rate, measured by a rotameter with a
range of 1.0 – 15.0 GPM. The acidified-permeate was split into the four calcite contactors; each
contactor had a ball valve and a gate valve upstream of the column, as well as a rotameter, ranging from
6 to 60 gallons per hour (GPH). The effluent from each calcite contactor was combined and sent to a
waste drain at KBH.
Rotameters were tested on a weekly basis in order to confirm accuracy. The process involved
timing with a stopwatch the filling of a 500 milliliter (mL) graduated cylinder.
2.2.1.4 Calcite Media Selection and Analysis
The calcite (limestone) selection was based on Standard Terminology Related to Lime and
Limestone, (ASTM 2012), which states that “limestone is a sedimentary rock consisting mainly of
calcium carbonate and the carbonates of magnesium”. Pure calcite has a specific gravity of
approximately 2.7. Since the experiment needed a high-calcium limestone, then the calcite had to
contain only a range of 0 to 5% of magnesium carbonate (MgCO3) which gave a CaCO3 minimum purity
of 95%. For the design of calcite contactors in drinking water applications, NSF International 60certified calcite products must be used; all media products used in this testing were reported to be NSF
certified.
Two key criteria were taken into consideration for calcite selection: purity and particle size.
Eight calcite products from four different manufacturers were selected for the test, which were chosen in
order to achieve the desired ranges for size and purity. Table 2.4 lists the properties of each calcite
product according to their Material Safety Data Sheets (MSDS).
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Table 2.4: Properties of Calcite (Limestone) Selected for Testing
Calcite Product

Measured Bulk Density

Measured

Nominal Particle Size

% CaCO3

(g/mL)

Porosity

(mm)

Lhoist W16X

1.58

0.21

1.19

98

PuriCal CTM

1.51

0.30

1

95

Vical 1130

1.49

0.24

1

98

CalCarb®R1

1.46

0.29

1

97

XO WhiteTM

1.59

0.30

0.08

95

30/50TM

1.50

0.31

0.30

95

Z-WhiteTM

1.57

0.30

0.84

95

OZ-WhiteTM

1.59

0.30

1.40

95

Each calcite media product was analyzed by sieve analysis to characterize the particle size distribution
of the media. The initial step was to weigh the meshes ranging from No. 500 (25 µm) to No. 5 (4 mm),
then a dried calcite sample of 100 grams (g) was measured and sieved through the meshes. In order to
obtain the retained weight, the mass captured in every mesh was recorded, and summing yielded a total
cumulative retained. In order to determine the percent passing the mesh, the cumulative percent retained
was divided out of 100%, according to (Coduto, Kitch and Yeung 2010). Percent passing is the
complement to percent retained (Coduto, Kitch and Yeung 2010)
A Hitachi S-4800 FE-SEM scanning electron microscopy (SEM) unit, which produces images of
a sample by scanning with a high energy focused beam of electrons, was use to analyze the calcite
products. The SEM images were magnified in a range from 100 µm to 1mm with an accelerating voltage
of 20 kiloelectronvolts (keV). Calcite media samples were also analyzed by a Bruker Discover D8 x-ray
diffraction (XRD) utilizing a Cu K-α X-Ray tube to confirm the calcite mineral morphology. Calcite
media samples were also analyzed by x-ray fluorescence (XRF). These analysis verified that the calcite
products were composed of calcium carbonate, CaCO3 – mostly calcite. Sample analytical results are
shown in Appendix A.
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2.2.2

Water Quality Analysis
Water samples were collected in several points in the pilot unit: RO permeate, acidified-

permeate (post-CO2), and effluent from each of the four columns. The RO permeate was sampled from
a sampling port upstream of the TOMCO2 unit, the acidified-permeate was sampled from a sampling
port downstream of the TOMCO2 unit, and each upflow contactor effluent was sampled from a sampling
port connected to it. Samples were analyzed for pH, conductivity, alkalinity, hardness, and major ion
concentrations by ion chromatography.
2.2.2.1 pH, conductivity, and temperature
In order to obtain an accurate reading of the pH, conductivity, and temperature, the samples were
measure directly from sampling ports in the pilot unit with a hand-held Myron L Ultrameter III 9P,
which requires catching a sample in the pH/ORP cell and the conductivity cell (Eaton, et al. 2005). The
meter was calibrated each day prior to analysis with pH standards of 4, 7, and 10, as well as a
conductivity standard of 1,200 µS/cm.
As the pH, conductivity, and temperature readings were taken, water samples were collected into
250-mL polyethylene bottles, which were closed immediately to prevent contact with environmental
CO2 that could alter the pH of the samples.
2.2.2.2 Alkalinity
Alkalinity and hardness titrations were conducted on-site in the KBH control room using the
colorimetric method. During the first two weeks of experimentation, a 25-mL sample was used,
according to KBH standard methods, but starting the third week, the sample size to be titrated was
increased from 25 mL to 100 mL to increase precision.
For alkalinity (Eaton, et al. 2005), two drops of HACH mixed bromcresol green – methyl red
indicator solution were added to the sample, and two drops of phenolphthalein solution were added in
order to indicate a pH of 8.3. Using a borosilicate glass burette, 0.02 N standard sulfuric acid was added
to the sample until a persistent color change, characteristic of the equivalence point, was present. In
order to report the alkalinity as mg/L of CaCO3 the following equation was used:
Equation 2.3

Alkalinity  (

!"
!

!  ×!  ×!",!!!

as  CaCO! ) =    !"#$%&  !"  !"#$%&  (!")
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where A is the volume (mL) of standard sulfuric acid used, and N is the normality of standard sulfuric
acid.
2.2.2.3 Hardness
For hardness (Eaton, et al. 2005), 1 to 2 mL of HACH buffer solution 1 – pH 10, 2-Amino-2Methylpropanol – were added to the sample, and also one to two drops of the Eriochrome Black T color
indicator were added. Using a borosilicate glass burette, the standard 0.01 M / 0.02 N EDTA titrant was
added with continuous stirring until the last reddish tinge disappeared; the last few drops were added
with a 3 to 5 second interval. At the end point, the solution is typically blue. In order to report the
hardness as mg/L of CaCO3 the following equation was used:
Equation 2.4

Hardness   EDTA,

!"
!

!  ×!  ×!,!!!

as  CaCO! =    !"#$%&  !"  !"#$%&   !"

where A is the volume (mL) of titration for sample, and B is the mass equivalent (mg) of CaCO3, equal
to 1.00 mL of EDTA titrant.
2.2.2.4 Turbidity
Turbidity was analyzed with a HACH® 2100N IS Laboratory Turbidimeter. According to the
HACH and USEPA standard method (United States Environmental Protection Agency 2012), the
sample was vigorously shaken and then let stand until the bubbles disappeared. An aliquot of the sample
was poured into the turbidity cell, and a lint-free cloth was used to wipe the outside of the cell. Then the
clean cell was placed in the meter and the turbidity measurement was recorded directly from the meter
display. According to KBH standards, the turbidimeter was calibrated daily.
2.2.2.5 Ion chromatography (IC)
Concentrations of major ions were determined by simultaneous ion chromatography (IC), which
allows the separation of ions based on their charge. Analyses were performed with a Dionex ICS-1100
for cations and ICS-2100 for anions. Table 2.5 describes the ions analyzed by each system and the
concentrations used in the standard calibration curves; the curves consisted of five standards, four
diluted from the maximum concentration.
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Table 2.5: Ion Chromatography (IC) Standard Calibration Concentrations
Ion

Standard 1

Standard 2

Standard 3

Standard 4

Standard 5

Chloride (Cl-)

3

30

60

150

300

Fluoride (F-)

0.05

0.50

1

Nitrate (NO3-)

0.20

2

4

10

20

Sulfate (SO42-)

3

30

60

150

300

Calcium (Ca2+)

3

30

60

150

300

Magnesium (Mg2+)

1

10

20

50

100

Potassium (K+)

1.50

15

30

75

150

Sodium (Na+)

3

30

60

150

300

2.5

5

2.2.2.6 Inductively Coupled Plasma – Optical Emission Spectroscopy
Major cations and trace metals were analyzed using a Perkin Elmer® 7300 OptimaTM Inductively
Coupled Plasma – Optical Emission Spectroscopy (ICP-OES). Table 2.4 shows the maximum
concentrations for the ions analyzed using the ICP-OES system. No trace metal concentrations were
observed above their respective EPA maximum contaminant levels (MCLs).
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Table 2.6: Inductively Couple Plasma (ICP) Standard Calibration Concentrations
Element

Standard 1

Calcium (Ca)

1

Magnesium (Mg)

Standard 2

Standard 3

Standard 4

Standard 5

10

20

50

100

0.5

5

10

25

50

Potassium (K)

0.1

1

2

5

10

Sodium (Na)

2

20

40

100

200

Strontium (Sr)

0.01

0.1

0.2

0.5

1

Aluminum (Al)

0.01

0.1

0.2

0.5

1

Arsenic (As)

0.01

0.1

0.2

0.5

1

Barium (Ba)

0.01

0.1

0.2

0.5

1

Cupper (Cu)

0.01

0.1

0.2

0.5

1

Iron (Fe)

0.01

0.1

0.2

0.5

1

Manganese (Mn)

0.01

0.1

0.2

0.5

1

Lead (Pb)

0.01

0.1

0.2

0.5

1

Silica (Si)

0.5

5

Zinc (Zn)

0.01

0.1

15

10
0.2

25
0.5

50
1

2.3

Mathematical Modeling

2.3.1

Mass transfer rate expressions
For a calcite upflow contactor operating at steady-state, the calcite dissolution can be

demonstrated using the model developed by Letterman (Letterman 1995); this model is based on
Haddad (1986) which described the dissolution of calcite in limestone contactors by adapting the rate
model derived by Rickard and Sjöberg (Rickard and Sjoeberg 1983). Rickard and Sjöberg’s model
assumes that the rate of dissolution of calcium carbonate is determined by a heterogeneous reaction,
which is determined by a surface reaction rate and a liquid mass transfer rate that controls the release of
calcium away from the surface; these mechanisms in series control the rate of calcium transport between
the solid surface and the bulk solution.
This model gives a rate of calcium carbonate dissolution given by:
Equation 2.5

r =    k ! ! C!" − C

where:
r

= rate of calcium carbonate dissolution (mol/L/cm2/s).

ko

= overall mass transfer rate constant (cm/s).

!

= specific interfacial area of calcium carbonate per unit volume of fluid (cm-1)

Ceq

= calcium carbonate equilibrium concentration (mol/L).

C

= bulk fluid calcium carbonate concentration (mol/L).

The specific interfacial area, !, can be calculated by (Snehal, Daly and Bukur 1990):
Equation 2.6

! =   

! !!  !
!!" !"

where:
ε

= porosity

d50

= diameter of the calcite particle (cm)

ψ

= sphericity of the limestone particle (assumed to be 0.8) (Zhang 1998)

Since the overall transfer rate constant (ko) is governed by a liquid mass transfer rate constant
and a first order surface reaction, ko can be expressed as follows,
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Equation 2.7

!! !!

k ! =    !

! !  !!

=   

!
!!

! !!

+    !

!

where:
kL

= liquid mass transfer rate constant for calcium carbonate.

kc

= first order surface reaction rate constant.

Haddad (1986) assumed that the first order surface reaction (kc) is determined by the pH of the
solution:
Equation 2.8

k ! = 1.6×10!" H!"

!.!

≈ 1.6  ×  10!"    10!!.!  !"!"#$%!$"&  !""#$!%&

where {Heq} is the equilibrium hydrogen ion activity.
2.3.2

Steady State Continuity
The steady state continuity equation used by Haddad (1986) to model the calcite dissolution

process was:
Equation 2.9

!! !

!"

N! !"! −   ε !" + rθ = 0

where:
ND

= dimensionless axial dispersion number.

Equation 2.10

!

N! = 2 !

C

= calcium ion concentration

Z

= dimensionless depth

θ

= mean fluid residence time

d50

= median particle size

L

= calcite bed height
Substituting Equation 2.5 in Equation 2.9, the steady-state model that relates the depth of

calcite required in the contactor to the effluent water chemistry, influent water chemistry, calcite particle
size and shape, bed porosity, water temperature, and superficial velocity is defined Letterman (1985):
Equation 2.11

!!" !!!"
!!" !!!"

= exp

!!! !!!
!!

+   

where:
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!! !!! !
!!

N!

CbL

= calcium concentration in the effluent of a contactor (mol/L).

Cbo

= calcium concentration in the influent of a contactor (mol/L).

L

= overall depth of a contactor (cm).

Us

= superficial velocity of the fluid (cm/s).

The values of the calcium ion equilibrium concentration (Ceq) where obtained from the acid-base
equilibrium reaction. It was assumed that the acid-base equilibrium occurs rapidly; as a consequence the
kinetic considerations were ignored. The carbonic acid solution can be described in two reactions
(Sawyer, McCarty and Parkin 2003):
Equation 2.12

H! CO! ∗    ↔    H ! +    HCO! !                                         k !" = 4.3  ×10!!

Equation 2.13

HCO! ! ↔    H ! +    CO! !!                                             k !" = 4.7  ×  10!!!

Values of α are defined in the following equations, where the subscript represents the number of
protons missing from the given species:
Equation 2.14

α! =   

!
!
!!" !!"
!!   !"
! !  
!
!

Equation 2.15

!

α! =   

!!
!!"

Equation 2.16

α! =   

!!

!
!!!   !"
!

!

!

!
!!
!!
!  
!!
!!" !!" !!"

Once the α-values were calculated, the total concentration (CT) was calculated as follows:
Equation 2.17

c! =   

!"#!  !" !"  !!" !!"!!"
!! ! !  !!

where:
ALK = Alkalinity (Eq/L).
Assuming a negligible influent calcium concentration relative to the dissolved calcium, the final
(equilibrium) concentration of calcium in the column effluent can be approximated using Equation 2.1:
Equation 2.18

Ca!!

!"

≈    C!! !!! =    C! α!
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The overall rate dissolution constant (ko) was calculated using Equation 2.19Error! Reference
source not found.; the calcium concentrations of the influent and effluent were already known with the
IC and ICP-OES analyses, the overall depth of the contactor was measured every time sampling was
performed, and the superficial velocity was calculated with the loading rates. The equation was rearranged and solved for ko implicitly by:
Equation 2.19
2.4

!! !!! !
!!

N! −   

!! !!!
!!

− ln

!!" !!!"
!!" !!!"

=0

Non-Dimensional Mass-Transfer Generalization
In order to generalize these mass-transfer observations, the Reynolds number and the Schmidt

number were used to describe the column operation. The Reynolds number (Re) is a dimensionless
number that gives a measure of the ratio of inertial forces to viscous forces (Benitez 2009). In our case, a
modified Reynolds number (Re’) was used, accounting for porosity of the media (Hellstrom and
Lundstom 2006).
!  !!   !!"

Equation 2.20

Re =   

Equation 2.21

Re! =   ρ  d!"   

!

   =   
!
!

!

  

!!"   !!
!
!
!!  !

where:
ρ

= water density (g/cm3)

Us

= superficial velocity (cm/s)

Q

= flowrate (cm3/s)

A

= column cross-sectional area (cm2)

µ

= water dynamic viscosity (g/cm-s)

ε

= porosity

The Schimdt number (Sc) is a dimensionless number defined as the ratio of momentum
diffusivity (viscosity) and mass diffusivity, and it typically relates the relative thickness of the
hydrodynamic layer and mass-transfer boundary layer (Bird, Stewart and Lightfoot 2002).
Equation 2.22

!

Sc =    !
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where:
v

= kinematic viscosity (cm2/s)

D

= calcium diffusion coefficient (7.92 × 10-6 cm2/s) (Vany´sek 2012)

The Sherwood number (Sh) is a dimensionless number used in mass-transfer operation which
represents the ratio of convective to diffusive mass transport. The Sherwood number is theoretically
shown to calculate the forced convection around a solid sphere as follows:
Equation 2.23

Sh =

!! !!"
!

= 2.0 + 0.6   Re′

!

Sc

!

Equation 2.23 was simplified to fit the experimental data in this study:
Equation 2.24

Sh =

!! !!"
!

= Re′

!

Sc

!

The Solver tool within Microsoft® Excel was used to determine the values of α and β that
satisfied Equation 2.24 with the experimental data observed in the sixteen columns tested in this study,
as explained in Section 3.5 of this thesis.
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Chapter 3: Results and Discussions
The pilot testing was conducted in four phases to evaluate the calcite media and hydraulic
operational parameters. Experimental design parameters included: empty bed contact time (EBCT),
particle size, and calcite purity, and hydraulic loading rate. Water quality parameters and goal values are
listed in Table 2.1. The following sections describe the results of the four phases of experimentation.
EBCT can be defined as a measure of the time during which a water to be treated is in contact
with the treatment medium in a contact vessel, assuming that all liquid passes through the vessel at the
same velocity. EBCT is equal to the bulk volume of the fluidized calcite bed divided by the flow rate.
!"#$ =   

Equation 3.1:
3.1

!"#$%&!"#$!"#$!  !"#$%&'  !"#
!"#$%&'  !"#$

Phase 1 – Effects of Calcite Purity and Particle Size Distribution
The main goal of Phase 1 was to evaluate the effects of calcite purity. This was attempted by

varying the calcite purity, ranging from 95 – 98.4 percent, with the use of different calcite products
while keeping the EBCT and calcite size constant.
3.1.1

Hydraulic Conditions
During Phase 1, the loading rate was constant for all columns at 3.8 gpm/ft2, which resulted in

superficial velocities and initial EBCT listed in Table 3.1.
Table 3.1: Phase 1 Hydraulic Parameters

*

Upflow Contactor

Loading Rate
(gpm/ft2)

Superficial Velocity
(cm/s)

Initial EBCT
(min)

1

3.8

0.3

7.5*

2

3.8

0.3

4.5

3

3.8

0.3

5.0

4

3.8

0.3

6.1*

Columns 1 and 4 fluidized and expanded significantly due to calcite media of small particle size
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3.1.2

Calcite Media
The calcite products used in Phase 1 were reported by suppliers to be a nominal particle size of

one millimeter (mm) according to the material safety data sheets (MSDS), as shown in Table 3.2.
Table 3.2: Phase 1 Calcite Products and Purities
Producer

Product

MSDS Particle Size

Purity

(mm)
Franklin Industrial
Minerals, Lhoist Group
Columbia

River

Carbonates

1.19

W16X

1

PuriCal CTM

96.6 %
95.0 %

Specialty Chemicals Inc.

Vical 1130

1

97.0 %

Mississippi Lime

CalCarb®R1

1.19

98.4 %

Visual inspection of the calcite products during contactor packing revealed that the predominant
particle size of W16X and CalCarb®R1 was noticeably less than 1 mm. Thus, the calcite products were
analyzed by sieve analysis, which confirmed that the median particle size of the Lhoist Group W16X
and Mississippi Lime CalCarb®R1 was approximately 0.5 mm. SEM images (shown in Figure 3.1) also
confirmed that the particle sizes of Lhoist Group W16X and Mississippi Lime CalCarb®R1 were smaller
compared to the calcite media products of Columbia River Carbonates PuriCal CTM and Specialty
Chemicals Inc. Vical 1130.
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(a) Lhoist Group W16X

(b) Columbia River Carbonates
PuriCal CTM

(c) Specialty Chemicals Inc.
Vical 1130

(d) Mississippi Lime
CalCarb®R1

Figure 3.1: Scanning Electron Microscopy (SEM) images of Phase 1 calcite media

The particle size distribution (measured by sieving) of the four calcite products from Phase 1 is
shown in Figure 3.2; solid lines indicate initial particle size distribution, and the dashed lines show final
conditions of a calcite media sample collected from the middle of each column. Similar to Figure 3.2,
Figure 3.3 shows a box-whisker plot of the calcite media.
Based on Figures 3.2 and 3.3, the particle size of Lhoist Group W16X decreased significantly
from a range of 0.125 – 1.300 mm to mostly 0.14 – 0.32 mm. Also, the particle size of Mississippi Lime
CalCarb®R1 shifted down severely, its initial smaller particle size was around 0.3 mm and at the end of
Phase 1 experimentation, it changed to 0.15 mm. The initial median particle size of the Columbia River
Carbonates PuriCal CTM and Specialty Chemicals Vical 1130 was slightly greater than 1 mm, and the
final median particle size was approximately 1 mm for both medias.
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Figure 3.2: Phase 1 Calcite Particle Size Distribution

Figure 3.3: Phase 1 Box Whisker Plot of Calcite Particle Size
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The driving force for dissolution of calcite product in an upflow contactor is greater at the
bottom of the packed bed than at the top. Consequently, the particles at the bottom of the packed bed are
expected to dissolve at a higher rate and decrease in size more rapidly than those at the top. Depending
on the porosity of the packed bed, the shrinking particles may be carried out of the packed bed or may
be trapped until they entirely dissolve.
The column height was measured periodically throughout the testing, and the rate of decline in
calcite media bed height for Phase 1 pilot testing is displayed in Figure 3.4.

Figure 3.4: Phase 1 Calcite media bed height decline
3.1.3

Water Quality
Pilot testing for Phase 1 started on June 21, 2011 and lasted 31 days. All upflow contactor

effluents effectively accomplished the targeted water quality goals of calcium, alkalinity and pH; also,
the effluent water quality goals did not change as the EBCT decreased from approximately 8 to 3
minutes. This was an indication that the selected loading rate of 3.8 gpm/ft2, along with column heights
greater than 40 cm, provided sufficient residence time for permeate stabilization.
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Effluent pH, calcium concentration, and alkalinity for Phase 1 calcite contactors are shown in
Figure 3.5 through Figure 3.7. (The black lines indicate the water quality goals specified in Section
2.1.3).

The effluent pH of all columns was near 8 for most of the study period, and calcium

concentrations were consistently greater than 20 mg/L. Effluent alkalinity ranged from 50 to 100 mg/L
as CaCO3. Considering the significant variation in particle size distribution and expanded bed height
among the four columns tested in Phase 1, effects of the small range in calcite media purity (95 to 98%)
were undetectable.

Figure 3.5: Phase 1 Upflow Contactor Effluent pH

26

Figure 3.6: Phase 1 Upflow Contactor Effluent Calcium Concentrations

Figure 3.7: Phase 1 Upflow Contactor Effluent Alkalinity Concentrations
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Smaller particles suffered “wash out”, which means the fines were carried out by the flow
through the calcite bed, and in consequence higher turbidity levels were observed in those contactors, as
shown in Figure 3.8. Because of the high turbidity levels found in Lhoist W16X and Mississippi Lime
CalCarb®R1, they were not considered for further experimentation. Columbia River Carbonates
PuriCal CTM showed a 0.7 NTU average turbidity measurement. Since it produced the lowest turbidity
level as well as having a narrow size distribution, PuriCal CTM was selected for experimentation in
Phase 2.

Figure 3.8: Phase 1 Upflow Contactor Effluent Turbidity
3.2

Phase 2 – Effects of Hydraulic Overflow Rate
Considering full-scale implementation of upflow calcite contactors, the contactors will be

periodically taken offline to refill the calcite media. This phase of experimentation tested the effects of
hydraulic loading rate and decreasing empty bed contact time (EBCT) as the bed height decreased.
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3.2.1

Hydraulic Conditions
The variation of the loading rate in each column provided different values for the superficial

velocities and initial EBCTs and confirmed that the larger the loading rate the smaller the EBCT and
vice versa, as seen in Table 3.3.
Table 3.3: Phase 2 Hydraulic Parameters
Upflow Contactor

3.2.2

Loading Rate

Superficial Velocity

Initial EBCT

(gpm/ft2)

(cm/s)

(min)

1

17.0

1.2

1.2

2

9.5

0.7

2.0

3

5.7

0.4

3.5

4

1.9

0.1

9.9

Calcite Media
The calcite selection for Phase 2 was based on the results from Phase 1; Columbia River

Carbonates PuriCal CTM with a 95 percent purity was used because of its narrow 1-mm size distribution
range and the low turbidity levels it produced.
Pilot testing for Phase 2 started on July 27th, 2012 and lasted 30 days with an initial calcite bed
height of 30 inches. During this time period it was noticeable that the EBCT decreased as the packed
bed height depleted; depletion of the calcite bed height is observed in Figure 3.9.
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Figure 3.9: Phase 2 Calcite media bed height decline
Figure 3.10 illustrates how the size distribution changed according to the loading rate; the final
sample was taken from the middle of the calcite bed. Fluidization of the packed bed occurred slightly in
the upflow contactor with the 17 gpm/ft2 loading rate, resulting in a reduced calcite particle size range
from 0.44 to 1.3 mm. Fluidization also led to calcite product particle blow-out resulting in high effluent
turbidity. At 9.5 gpm/ft2 the relatively short EBCT allowed the calcite product to dissolve keeping the
calcite particles in the 0.7 – 2.1 mm size range. At the 5.7 gpm/ft2 the particle size range shifted down
and most of the calcite particle sizes were on the 0.6 – 1.5 mm. At a loading rate of 1.9 gpm/ft2, most of
the initial size particles were able to dissolve at a slow rate, but at the end the size reduction was similar
to the 5.7 gpm/ft2 loading rate where most of the particles ended up having a 1-mm size. At this loading
rate, the fines from the packed bed were not washed out from the beginning, which led to high turbidity
levels in the effluent water quality, as shown in Figure 3.11.
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Figure 3.10: Phase 2 Box Whisker Plot of Calcite Particle Size

Figure 3.11: Phase 2 Upflow Contactor Effluent Turbidity

31

3.2.3

Water Quality
A decrease in conductivity in the influent permeate was observed during Phase 2, which later

was confirmed by the Kay Bailey Hutchison Desalination Plant; it was a result of the introduction of
lower salinity wells from their well field. Consequently, the effluent concentrations in the upflow
contactors were met but not as expected, as shown in Figure 3.12 – Figure 3.14, since the CO2 injection
had not been adjusted to achieve the water quality goals with the low alkalinity and hardness
concentrations in the influent permeate In order to accomplish the water quality goals, a higher dosage
of CO2 was required to be injected to the influent permeate to allow more calcite dissolution.

Figure 3.12: Phase 2 Upflow Contactor Effluent pH

32

Figure 3.13. Phase 2 Upflow Contactor Effluent Calcium Concentrations

Figure 3.14: Phase 2 Upflow Contactor Effluent Alkalinity Concentrations
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In order to achieve higher calcite dissolution, the influent acidified-permeate pH had to be low,
around 5.0. As shown in Figure 3.15, calcite dissolution is increased as pH decreases. Based on the
water quality goals, the 9.5 gpm/ft2 loading rate with an EBCT of 1 – 2 minutes was selected for further
experimentation.

Figure 3.15: Phase 2 Influent pH vs. Calcite Dissolution
3.3

Phase 3 – Effects of Calcite Medial Particle Size
The objective of Phase 3 testing was to determine the appropriate calcite particle size while

keeping a constant loading rate of 3.8 gpm/ft2 and a calcite purity of 95 percent.
3.3.1

Hydraulic Conditions
As stated before, the loading rate was kept constant for the four upflow contactors; Table 3.4

shows that by doing this the superficial velocities and the initial EBCT were kept constant, as well.
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Table 3.4: Phase 3 Hydraulic Parameters
Loading Rate

Superficial Velocity

Initial EBCT

(gpm/ft2)

(cm/s)

(min)

1

3.8

0.3

5.0

2

3.8

0.3

5.0

3

3.8

0.3

5.1

4

3.8

0.3

5.0

Upflow Contactor

3.3.2

Calcite Media
Four calcite products from the same manufacturer, Imerys Performance Minerals, were selected

for this phase testing; the calcite product name and particle size are listed in Table 3.5.
Table 3.5: Imerys Calcite Product Name and Nominal Particle Size
Nominal Calcite Particle Size
Upflow Contactor

Calcite Product Name

1

30-50TM NSF

0.08

2

XO WhiteTM NSF

0.30

3

Z WhiteTM NSF

0.84

4

OZ WhiteTM NSF

1.40

(mm)

Figure 3.16 and Figure 3.17 show how the change in size as Phase 3 came to an end did not
change significantly in most of the upflow contactors; also, it can be concluded that Imerys XO-WhiteTM
calcite product tightened its particle size range since the fines were washed out from the calcite bed,
giving in consequence a higher turbidity level, as shown in Figure 3.18. Once the upflow contactors
achieved stability, the turbidity levels were steadily less than 5 NTU, even when the calcite beds were
depleted by half of the original 30 inches; this means that the depleted particles did not contribute to the
effluent turbidities.
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Figure 3.16: Phase 3 Box Whisker Plot of Calcite Product Size

Figure 3.17: Phase 3 Calcite media bed height decline
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Figure 3.18: Phase 3 Upflow Contactor Effluent Turbidity
3.3.3

Water Quality
Phase 3 was performed in two rounds; the first round started on September 2nd, 2011 and lasted

nineteen days. Since there were not enough data points to provide a considerable conclusion, it was
decided that a second round of experimentation would be done to add to the previous data; second round
began October 18th, 2011 and lasted just three days because of the KBH annual RO cleaning process.
Alkalinity and calcium concentrations, and pH were importantly influenced by the calcite
particle sizes. As shown in Figure 3.19 the calcium and bicarbonate dissolution followed a decreasing
trend as the initial calcite particle increased in size from contactor to contactor as described in Table 3.5,
consequently smaller particles like XO-WhiteTM (0.25-mm) and 30/50TM (0.50-mm) added more pH than
larger particles like Z-WhiteTM (1-mm) and OZ-WhiteTM (2-mm) as shown in Figure 3.20; it is important
to notice that, even with the mentioned correlation between particle size and calcite dissolution rate, the
four upflow contactors reached the desired calcium concentration, alkalinity concentration, and pH goals
stated for the pilot testing. Higher turbidity concentrations were seen in the effluent water coming from
particles that were less than 0.5-mm in size, which also had a broader size distribution; for this reason
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XO-WhiteTM was not selected for future experimentation. Alkalinity concentrations for Phase 3, shown
in Figure 3.21, confirmed that the 1-mm calcite particles, Z-WhiteTM, performed slightly better that the
0.8-mm, 30/50TM, and the 2-mm calcite particles, OZ-WhiteTM.

Figure 3.19: Phase 3 Upflow Contactor Effluent Calcium Concentrations
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Figure 3.20: Phase 3 Upflow Contactor Effluent pH

Figure 3.21: Phase 3 Upflow Contactor Effluent Alkalinity Concentrations
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3.4

Phase 4 – Optimization of Major Operational Parameters
The main objective of Phase 4 was to validate up to two design criteria for optimal permeate

stabilization by combining particle size, purity, and the loading rates selected from the previous phases.
3.4.1

Hydraulic Conditions
For Phase 4 the loading rates were selected from Phase 2; Table 3.6 shows the relationship

between the loading rates, the superficial velocities, and the initial EBCTs.
Table 3.6: Phase 4 Hydraulic Parameters
Loading Rate

Superficial Velocity

Initial EBCT

(gpm/ft2)

(cm/s)

(min)

1

9.5

0.7

2.1

2

9.5

0.7

2

3

9.5

0.7

2

4

17

1.2

1.1

Upflow Contactor

3.4.2

Calcite Media
A new alternative calcite source sample, which is derived from RO concentrate softening, was

tested with the intention of reuse. The softening process involves an upflow vessel with fluidized
calcium carbonate particles introduced at the bottom to act as the seeding nuclei onto which calcite,
silica, and other minerals will precipitate; at the end of the softening process, hard and durable pellets
that are relatively dry and easy to handle and transport are generated. From now on this alternative
product is going to be referred as Carollo Pellets, since it came from another Carollo pilot testing in
California (Shih, et al. 2012). Table 3.7 shows that the 9.5 gpm/ft2 loading rate was tested with
Columbia River Carbonates PuriCal CTM (phase 1), Imerys Z-WhiteTM (phase 3), and the Carollo Pellets.
OZ-WhiteTM, also from phase 3, was tested at 17gpm/ft2 in order to determine whether or not a larger
calcite particle size, 2-mm, would perform better at higher loading rates.
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Table 3.7: Phase 4 Pilot Testing Set Up
Upflow

Calcite Product

Contactor

Particle Size

Purity

(mm)

(%)

1

Carollo Pellets

0.25

90

2

Columbia River

1

95

Carbonates PuriCal CTM
3

Imerys Z-WhiteTM

1

95

4

Imerys OZ-WhiteTM

2

95

Figure 3.1 shows that the calcite products tested during Phase 4 had close to linear calcite
dissolution. Imerys OZ-WhiteTM is the one that lost the most bed height, mainly because of the faster
loading rate running through the upflow contactor.

Figure 3.22: Phase 4 Calcite media bed height decline
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Figure 3.23: Phase 4 Box Whisker Plot of Calcite Particle Size
Figure 3.23 shows an increment in the particle size distribution for the Carollo pellets from 0.15
– 0.55 mm to 0.35 – 0.95 mm; a possible explanation for this phenomenon would be that the small
particles measured at the initial sieve analysis were rapidly dissolved, which also explains the elevated
turbidities levels, a 3.47 NTU average, in the effluent water at the beginning of the pilot testing, as
shown in Figure 3.27.
3.4.3

Water Quality
Phase 4 pilot testing started on September 22, 2011, and lasted for 12 days. Figure 3.22

illustrates how the selected loading rates gave a close to linear calcite bed height lost. Also, it shows
how the smaller calcite particles had a greater fluidized bed that the larger calcite particles.
The Carollo pellets and Columbia River Carbonates PuriCal CTM achieved effluent water
quality goals; also, Imerys Z-WhiteTM barely met the alkalinity, calcium concentrations, and pH targets
as shown in Figure 3. to Figure 3.. As stated before, Imerys OZ-White was tested at a higher loading
rate, 17 gpm/ft2, to observe if it could dissolve better; but the larger calcite particles, 2-mm, had a slower
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dissolution rate; in consequence, Imerys OZ-White did not achieve the desired calcium concentration,
also its alkalinity addition was the poorest one of all the products tested.

Figure 3.24: Phase 4 Upflow Contactor Effluent Calcium Concentrations
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Figure 3.25: Phase 4 Upflow Contactor Effluent pH

Figure 3.26: Phase 4 Upflow Contactor Effluent Alkalinity Concentrations
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Figure 3.27: Phase 4 Upflow Contactor Effluent Turbidity
Of all the tested calcite products Columbia River Carbonates PuriCal CTM, with a nominal
particle size of 1-mm, and 95 percent purity was the media that gave the best results for the KBH
desalination plant permeate post-treatment. Also, operating the upflow contactor at a loading rate of 9.5
gpm/ft2 resulted in lower turbidities, which confirmed that the optimal EBCT in the range of 1.5 to 2
minutes are more than enough to meet permeate stabilization goals.
3.5

Calcite Product Dissolution and Mass Transport
Using the model developed by Letterman (1995) the calcite product dissolution can be

demonstrated; this model assumes that the rate of dissolution of calcium carbonate is determined by a
heterogeneous reaction described in Equation 2.5. The steady-state model used by Letterman et al; this
model relates the depth of calcite to the desired effluent water quality goals, influent water chemistry,
calcite particle size and shape, bed porosity, and superficial velocity is described in equation 11.
In order to obtain the overall mass transfer rates, ko, for each calcite product tested during the
four phases of pilot testing, Equation 2.5 was re-arranged giving the results shown in Figure 3.28. In
Phase 1, the best overall mass transfer coefficient calculated with Equation 2.19 was with the calcite
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product from Columbia River Carbonates – PuriCal CTM. By comparing the data from the Phase 1 pilot
plant experimentation and the results coming from the Letterman model, it was confirmed that the
calcite selection from Phase 1, Columbia River Carbonates PuriCal CTM, was correct for further
experimentation.
In Phase 2, the loading rate dictated how the calcite dissolved, meaning that greater loading rates
lead to greater mass transfers. It was perceptible that the 17 gpm/ft2 loading rate gave the best mass
transfer coefficient for the Phase 2, but it also gave the lowest EBCT; consequently, the calcite did not
have enough time to dissolve and blend with the acidified-permeate, providing low concentrations of
calcium and alkalinity in the effluent water. The 9.5 gpm/ft2 loading rate was the one that also gave a
high mass transfer rate and also supplied the greatest calcium and alkalinity concentrations in the
effluent water; this made it the best option for calcite dissolution.
The overall mass transfer coefficients in Phase 3 were closer together; therefore, the calcite
product selection had to rely completely in the product performance. Imerys XO-WhiteTM and 30/50TM
were disregarded due to their high turbidity readings; consequently, it was decided that both Imerys ZWhiteTM and OZ-WhiteTM would be tested in future phases.
As said before, Phase 4 combined calcite products from Phase 1, Columbia River Carbonates
PuriCal CTM, and Phase 3, Imerys Z-WhiteTM and OZ-WhiteTM, at the 9.5 and 17 gpm/ft2 loading rates
chosen from Phase 2. The Imerys OZ-WhiteTM 2-mm particles had the highest mass transfer coefficient
due to the high loading rate running through the upflow contactor, but it did not achieved post-treatment
effluent water quality goals. The 1-mm particles had close overall mass transfer rates, which once again
led to selection of Columbia River Carbonates PuriCal CTM as the best option for permeate stabilization.
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Figure 3.28: Calcite Products Overall Mass Transfer Coefficients
Reynolds Number (Re) and Schmidt Number (Sc), equations 2.20 – 22, needed to be computed
in order to design the calcite dissolution kinetics model, which is based on the forced convection around
a solid sphere. In other words, it is the ratio of convective to diffusive mass transport. This relationship,
explained in Equation 2.23, is also called Sherwood Number (Sh).
With the help of Microsoft® Excel the values of α and β for the Sherwood Number were
calculated by solving a loop in which the values of these exponents were constantly changed until the
equation result matched the measured result. A new Sherwood Number equation, Equation 2.24, was
developed with the α and β values, 1.0 and 0.5 respectively, were obtained. Figure 3.29 describes the
successful relationship between the measured and modeled Sherwood Numbers.
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Figure 3.29: Modeled Sherwood Number vs. Measured Sherwood Number
The optimal values for α and β according to Cussler should be 1/2 and 1/3 respectively (Cussler
1984), but in order to obtain the values for the exponents that worked best for our model, the equation
was solved in Microsoft® Excel by changing the exponent values of α and β until the predicted results
matched the measured values; a match was considered successful when the predicted value was correct
up to five significant figures.
A new Sherwood Number equation (Sh), which best describes the calcite dissolution for our
experimentation, was derived using the Least Square Error (LSE) method and the values of α and β
obtained from the equation equivalence:
Equation 3. 2

!" = !"!.! !" !.!
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Chapter 4: Mathematical Modeling
4.1

Model Development
Based on the Sherwood Number, derived from α and β, 1.0 and 0.5 respectively, a new model

was created in order to predict the calcite dissolution, or calcite height lost, based on the initial
conditions of the calcite products.
4.1.1

Predicted Calcium Concentration in Effluent
Since the relationship of Sherwood number was already known from equation 2.23, the value of

the overall mass transfer rate constant for calcium carbonate, kL, for the model can be calculated by rearranging the equation as follows.

Equation 4.1

!! =

!"  ×!
!!"

The obtained value is inputted in equation 2.11, rearranged in Equation 4.2, which will provide
the predicted calcium concentration based on the initial diameter of the calcite particle, d50, and initial
column height.

Equation 4.2

!!" = !!" − !"#

!! ! !"#
!!

+   

! ! !"# !
!!

!!   ×   !!" − !!"

where CbL is the calcium concentration in the effluent in mg/L; Cbo is the calcium concentration in the
influent that, for calculations purposes, was considered constant for each phase according to the average
of the samples taken for the period the phase lasted.
4.1.2

Calcium Carbonate Mass Transfer
The calcium carbonate mass flow, ṁ!"!#! , is based on the calcium mass flow, ṁ!"!! , which is

calculated with the effluent calcium concentration from Equation 4.2, as follows:
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!!"#$%& × !"!""#$!%& !!"!"#$%&"'

Equation 4.3

ṁ!"!! =

Equation 4.4

ṁ!"!#! =    ṁ!"!!   ×  

!"#$%&'  !"#$%&

!""
!"

where the !00/40 represents the calcium carbonate to calcium ratio; the outcome value from Equation
4.4 and 4.4 have units of milligrams per second (mg/s).
Since the model is based on daily basis experimentation, the mCaCO3 needs to be converted to
milligrams per day (mg/day) in order to calculate the appropriate initial and predicted final calcite mass.
4.1.3

Model Calcite Mass
The initial calcite mass is calculated based on the initial the bed height,
Equation 4.5

!! = !!   ×!  ×!. !.× ! − !

where mo has units of grams (g), h0 is the column height in cm, A is the column cross-sectional area in
cm2, S.G. is the specific gravity of the calcite product (2.7), and ε is the porosity of the calcite product,
which was considered constant throughout the entire calculations.
The predicted final calcite mass is the subtraction of the mass transfer rate, multiplied by a
period of time, from the initial calcite as shown in Equation 4.6.
Equation 4.6

!! =    !! −  ṁ!"!#! ∆!

In this particular model Δt equals one day since it is based on daily basis.
4.1.4

Predicted Calcite Bed Height Lost
Once the values of m0 and m1 have been obtained, the calcite bed height lost can be calculated

with the mass lost ratio and the initial calcite bed height, h0.
Equation 4.7

!! = !! ×

!!
!!

where h1 is the new calcite bed height.
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The prediction of the calcite bed height lost continues until the end of the established period of
time or until the calcite bed height reaches zero centimeters. It is important to notice that in every new
set of calculations, for the next day, the initial values are replaced by the final values calculated in order
to create a loop of calculations.
4.1.5

Alkalinity and pH Prediction
Alkalinity prediction is based on the initial alkalinity of the influent water plus the alkalinity

added by the CaCO3 dissolution, which was taken as the CaCO3 concentration obtained from ṁ!"!#! .
ṁ!"!#!

Equation 4.8

!!"!!! !dissolved = !

Equation 4.9
CaCO3)

!"#$"%&%'(effluent =    !"#$"%&%'(!"#$%&"' + !!"!!! !!"##$%&'! (mg/L as

!"#$%&

In order to obtain the total concentration of CaCO3, !!!!"!!! , in the effluent, the effluent CaCO3
concentration calculated in Equation 4.9 is added to the influent CaCO3 concentration as follows:
Equation 4.10

!!!!!! ,!""#$!%& = !!!!!!, ,!"#$%&"' + !!"!!! !!"##$%&'! (mol/L)

Finally, the values obtained from Equations 4.9 and 4.10 are used with Equation 2.17 and solved
for pH implicitly to obtain the predicted effluent pH value.
4.2

Mathematical Modeling Results vs. Experimental Results
It was important to compare the mathematical modeling to the pilot testing results in order to

confirm if the model followed the calcite dissolution trend seen during the experimentation period.
4.2.1

Phase 1 Model Results vs. Pilot Testing Results
From Equation 4.7 the calcite height lost was calculated for Phase 1; as shown in Figure 4.1-(a)

the model predicted that at the fixed 3.8 gpm/ft2 loading rate all calcite products should have lost a
greater bed height than the actual experiment displayed. The measured pH was constantly a unit greater
than the pH model predicted, but in both cases the pH reached the desired quality goal as seen in Figure
4.1-(b). Also, the alkalinity and calcium concentrations from the model, Figure 4.1-(c) and Figure 4.1(d), predicted more dissolution than actually occurred; they almost doubled the measured concentrations.
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(a) Calcite Bed Height Lost

(b) pH

(c) Calcium Concentrations
(d) Alkalinity Concentrations
Figure 4.1: Comparison of Mass Transport Model to Experimental Results – Phase 1
According to the comparison made from both results, the calcite products that had the most
stable calcite bed depletion were Columbia River Carbonates PuriCal CTM and Specialty Chemicals
Vical 1130; also, the calcite product that had the closest calcium dissolution to the model was PuriCal
CTM. This confirms that the decision made during pilot testing of keep on testing this calcite product was
correct.
4.2.2

Phase 2 Model Results vs. Pilot Testing Results
The comparison of the model and experimental results from Phase 2 were constantly close

together; one reason this might happen would be that the KBH desalination plant permeate quality
changed during this phase as explained in Chapter 3. For the four loading rates tested, the calcite bed
depleted faster than the model predicted, shown in Figure 4.2-(a); but both results are only separated by
a maximum of 10 centimeters (cm). As seen before, during this phase the model under predicted pH by
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an average of one pH unit compared to the measured pH. Figure 4.2-(d) confirms that the loading rate of
9.5 gpm/ft2 was the one that dissolved calcium closest to the modeled dissolution, which confirms the
decision of choosing this loading rate for further testing.

(a) Calcite Bed Height Lost

(b) pH

(c) Calcium Concentrations
(d) Alkalinity Concentrations
Figure 4.2: Comparison of Mass Transport Model to Experimental Results – Phase 2
4.2.3

Phase 3 Model Results vs. Pilot Testing Results
The pH comparison for Phase 3 confirmed the under prediction of the model against the

measured results; once again the measured results were in average greater by a unit pH as shown in
Figure 4.3-(b). The calcium and alkalinity concentrations, Figure 4.3-(c) and Figure 4.3-(d), were close
together for both results, meaning that the model estimate for calcium dissolution is near the measured
value. Imerys Z-WhiteTM was the calcite product that had a constant close relationship in the four
parameters in which the model was compared to the actual experiment results.
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(b) pH

(a) Calcite Bed Height

(c) Calcium Concentrations
(d) Calcium Concentrations
Figure 4.3: Comparison of Mass Transport Model to Experimental Results – Phase 3
4.2.4

Phase 4 Model Results vs. Pilot Testing Results
Phase 4 comparison shows that the calcite products with a nominal particle size of 1 millimeter

(mm) presented a close relationship between measured and model values for calcite bed height lost; also,
it confirmed that the calcite product with a larger particle size (2-mm) did not have a good performance
even at a higher loading rate (17 gpm/ft2). Similarly as in Phases 1, 2, and 3, the modeled pH was under
predicting by an average of one pH unit. The closest calcium dissolution comparison was reached by
Carollo Pellets, followed by the Columbia River Carbonates PuriCal CTM calcite product, as seen in
Figure 4.4-(c) and Figure 4.4-(d). This suggests that the calcite product PuriCal CTM by Columbia River
Carbonates was a correct selection for permeate stabilization.
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(b) Phase 4 pH

(a) Phase 4 Calcite Bed Height Lost

(c) Phase 4 Calcium Concentrations
(d) Phase 4 Calcium Concentrations
Figure 4.4: Comparison of Mass Transport Model to Experimental Results – Phase 4
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Chapter 5: Conclusions
5.1

Experimental Conclusions

5.1.1

Phase 1 – Calcite Purity
The calcite purity was not observed to exhibit an important role as the significant variation

between reported and actual media size. Finer particles encountered in the calcite products (i.e., Lhoist
W16X and Mississippi Lime CalCarb®R1) gave higher turbidities. Columbia River Carbonates PuriCal
CTM, with a nominal particle size of 1-mm, showed a 0.7 NTU average turbidity measurement; this
media was selected for experimentation in Phase 2, because it produced the lowest turbidity level,
possessed a narrow size distribution, and also achieved the permeate stabilization goals.
5.1.2

Phase 2 – Effects of Hydraulic Overflow Rate
Lower loading rates provided longer empty bed contact times (EBCT), which led to greater

calcite dissolution. Also, greater loading rates were associated with greater overall mass transfer rates, as
shown in Figure 3.28.
An elevated turbidity reading was found at the highest loading rate, 17 gpm/ft2, since the calcite
was rapidly fluidized,which facilitated particle washout. Based on the water quality goals, the 9.5
gpm/ft2 loading rate with an EBCT of 1 - 2 minutes performed better than the other loading rates; in
consequence, it was selected for further experimentation.
5.1.3

Phase 3 – Effects of Calcite Medial Particle Size
As observed in Phase 1, small particle sizes tend to cause higher turbidities; this was confirmed

during Phase 3 as Imerys XO-WhiteTM, which had a turbidity level of more than 5 NTU. The larger
particles of Imerys OZ-WhiteTM (2-mm) added less calcium due to their reduced contact with water
because of their smaller specific surface area. Dissolution of calcite was nearly independent of particle
size (all of which were tested at the same loading rate and EBCT), as observed by the calcium and
alkalinity concentrations for Phase 3. The 1-mm calcite particles, Imerys Z-WhiteTM, were observed to
perform slightly better than the other calcite products.
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5.1.4

Phase 4 – Optimization of Major Operational Parameters
The calcite product that gave the best results for permeate stabilization were the Carollo Pellets

from pelletized lime softening, which shows great promise for future research. Imerys OZ-WhiteTM was
tested at a higher loading rate, 17 gpm/ft2, but the larger calcite particles, 2-mm, had slower dissolution
rates and did not achieve the stated water quality goals.
Of all the tested calcite products, Columbia River Carbonates PuriCal CTM, with a nominal
particle size of 1-mm, and 95 percent purity produced the best results for post-treatment of the KBH
desalination plant permeate. Also, operating the upflow contactor at a loading rate of 9.5 gpm/ft2
resulted in lower turbidities, which confirmed that the optimal EBCT in the range of 1.5 to 2 minutes are
more than enough to meet permeate stabilization goals.
5.2

Mathematical Model Conclusions
A comparison of the mathematical model and the pilot testing results shows that the model gave

the best predictions of calcite bed height lost for the calcite products with a nominal particle size of 1
millimeter (mm). Also, it confirmed that the calcite product with a larger particle size (2-mm) did not
have good performance, even at a higher loading rate (17 gpm/ft2). Phases 1, 2, 3, and 4 established that
the modeled pH’s were constantly under predicted by an average of one pH unit. The model gave its
best predictions of calcium dissolution for Carollo Pellets, followed by the Columbia River Carbonates
PuriCal CTM calcite.
Consequently, the dissolution performance of these upflow calcite contactors can be modeled by
the following equations:
Equation 3. 2

!" = !"!.! !" !.!

Equation 4.1

!! =

Equation 4.2

!!" = !!" − !"#

!"  ×!
!!"

!! ! !"#
!!
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+   

! ! !"# !
!!

!!   ×   !!" − !!"

5.2

Future Work
Extensions of this research could be made by calculating the Langelier Saturation Index (LSI),

which provides an indicator of the degree of saturation of water with respect to calcium carbonate and
determines the corrosive or scale-forming tendencies of water; the LSI can be interpreted as the pH
change required to bring water to equilibrium.
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Appendix A: XRF Analyses of Calcite Media

Ca, Fe are the principal elements; calcite match with most of the principal peaks
Appendix A.1: Lhoist W16X XRF Results

Ca, Fe and Sr are the principal elements; calcite is the principal mineral.
Appendix A.2: Columbia River Carbonates PuriCal CTM XRF Results
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The following compounds match with the peaks, some of them in less frequency than others but,
according with the XRF Ca, Fe are the principal elements; calcite is the principal mineral.
Appendix A.3: Specialty Chemicals Vical 1130 XRF Results

The following compounds match with the peaks, some of them in less frequency than others but,
according with the XRF Ca is the principal element; the Si and the Fe did not appear in the XRF,
however the XRD could identified some peaks within the structure. The silicon Oxide was present in
one of the main peaks, but it contains three different crystal structures in it.
Appendix A.4: Mississippi Lime CalCarb®R1 XRF Results

62

The following compounds match with the peaks, some of them in less frequency than others but,
according with the XRF Ca, Fe are the principal elements; calcite is the principal mineral.
Appendix A.5: Imerys 30/50TM XRF Results

The following compounds match with the peaks, some of them in less frequency than others but,
according with the XRF Ca, Fe and Sr are the principal elements; calcite is the principal mineral.
Appendix A.6: Imerys XO-WhiteTM XRF Results
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